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ABSTRACT 
The objective of this project is to synthesize biodegradable micro- and nanoparticles based 
on calcium carbonate to be used for water treatment purposes. Calcite is a naturally occurring 
mineral in natural aqueous environments which mitigates the negative environmental impact of 
these materials versus previously used silver nanoparticles. Polycationic natural and synthetic 
polymers have been shown to interact electrostatically with bacteria and kill them. Thus, single 
calcite crystals and the mineral particles are coated with selected polyelectrolytes. A multilayer 
approach is employed to increase the coverage of the calcite surfaces and slow-down mineral 
dissolution. The polyelectrolyte multilayer significantly decreases the dissolution of the calcite, so 
the overall particle will dissolve very slowly over time. 
Polyallylamine-g-perfluorophenylazide (PAAm-PFPA) is the first polymer layer which 
allows the attachment of a variety of polyelectrolytes due to covalent bonding by nitrene insertion 
reactions when exposed to UV light. The adsorbed mass of polyelectrolytes on the mineral is 
measured with a Quartz Crystal Microbalance (QCM) and multiple beam interferometry. Atomic 
Force Microscopy (AFM) is used to measure the interaction forces between the coated mineral 
particles as well as the long-term resistance of the polymers grafted to the mineral subjected to 
shear. Our measurements indicate that the polymers should stabilize the particles in solution. 
Under the investigated shear conditions the polymer coating does not wear.  
The outlook of this project is to prove the antibacterial action of the coated mineral 
particles. For this purpose, AFM with fluorescence microscopy is the main experimental technique 
to be used. Escherichia coli (E. coli), a rod-shaped member of the coliform group was chosen for 
the preliminary studies and fixed to a substrate while a colloidal microsphere was coated with the 
polymer coating. The preliminary results suggest that instead, a cell probe should be employed to 
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measure interactions with the coated substrate. However, adsorption measurements with the QCM 
indicate that there is strong yet slow adsorption of E. coli to the polyelectrolyte multilayer 
unreversed by rinsing which shows promise for bacterial-particle interactions. 
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I. Introduction & Motivation 
Silver nanoparticles (AgNPs) have been used for decades because of their bactericidal 
properties for both Gram positive and Gram negative bacteria[2].  Silver nanoparticles dissolve 
and release Ag+ ions as well as generate reactive oxygen species (ROS) which can damage 
membranes, proteins, and DNA and can penetrate the cell [3, 4]; both of these mechanisms have 
been shown to be toxic to bacteria such as E. coli and Staphyloccocus aureus[4, 5]. Silver 
nanoparticles capped with positively and negatively charged molecules both showed a reduction 
in bacterial viability as concentration was increased; since both positively and negatively charged 
particles decreased the bacterial viability, the attraction or repulsion between nanoparticles and 
bacteria alone seems not to be the mechanism of bacterial inactivation in this case [6], however 
there are contradictory results in the literature, as discussed later.  
In contrast, electrostatic interactions have been shown to be important for particle adhesion 
to cells. AgNPs attach to functional groups of cell membranes or membrane-bound proteins and 
can damage the cell and inhibit major cellular functions such as enzyme signaling activity, 
oxidation and respiration processes, and permeability[6]. Silica nanoparticles coated in proteins or 
lipids have been shown not to adhere to lipid bilayer membranes because the hard lipid/protein 
corona screens the nonspecific electrostatic effect of the bare particles[7]. Several studies have 
concluded that the toxicity of both silver and metal oxide nanoparticles is enhanced by the 
electrostatic interactions, which enable the nanoparticles to remain in contact or close proximity 
to the cell membrane[8, 9].  
Though AgNPs are effective antibacterial agents, they may have negative impacts on the 
environment and organisms that come into contact with them. Since they are very stable, the 
nanoparticles can continue to release silver ions into water which are acutely toxic to organisms 
such as the zebrafish; additionally, the presence of the nanoparticles themselves resulted in signs 
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of potential respiratory toxicity in this organism[3, 10]. The AgNPs also delayed the hatching of 
zebrafish embryos and there was a dose-dependent toxicity in the embryos of zebrafish, fruit flies, 
decreased fertility in fruit flies, and gene disruption in earthworms, nematodes, and medaka as well 
as accumulation of silver in the kidneys of rats[10]. Silver nanoparticles have also been shown to 
accumulate in the liver, lungs, and scent organs of rats, and to penetrate the blood-brain barrier. It 
is difficult to extrapolate the effects on humans from other animals such as rats; however from the 
types of effects that occurred in other species it can be inferred that the effects would be 
negative[3]. Additionally, AgNPs have also been shown to be genotoxic to human cells ex situ[3, 
4].  
Due to the known and unknown hazards to the health of humans and other organisms from 
silver nanoparticles this work seeks a different approach in which calcite, a carbonate mineral, 
found in natural aquatic environments, is used as a substrate for antibacterial polyelectrolytes. 
The surface of calcite carries a charge, which makes it possible to adsorb charged polymers onto 
the surface. The zeta potential is the measured surface potential at the slip plane, which is 
influenced by surface charge, surface-adsorbed ions in the Stern layer as well as by the ions in the 
diffuse layer. The zeta potential can give insights into the interaction with other charged surfaces 
through an aqueous medium at a specific ionic strength. The isoelectric point of calcite (IEP, the 
pH at which the zeta potential is zero) is dependent on the partial pressure of carbon dioxide; 
however, the surface charge is also dependent on whether the calcite is in equilibrium with the 
water and gas phases since reactions among these dictate surface speciation[11, 12]. The sign of 
the surface charge is positive at pHs lower than the IEP and negative at pHs higher than the IEP. 
With increase in ionic strength, the zeta potential usually tends to zero regardless of whether the 
pH is greater than or less than the IEP, due to the adsorption of counterions at the Stern layer. 
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Figure 1 illustrates the effect of polyelectrolyte concentration on surface potential; the same trends 
apply for ionic strength. 
 
The surface chemistry of calcite is complex. Figure 2 demonstrates the concentrations of 
ions in solution as well as the density of surface species; this particular work proposes a positive 
surface charge of calcite due to the fact that a majority of the surface density is made up hydrated 
calcium surface sites with one water molecule (>CaOH2
+) [13]. However, as the pH increases, the 
concentration of carbonate and bicarbonate increases and these species can adsorb to the hydrated 
calcium surface sites or precipitate on available calcium surface sites. At pH 6, the majority of 
surface sites are >CO3Ca
+ and >CaOH2
+ and the dominant species in solution is Ca2+ which can 
precipitate on available >CO3
- sites resulting in a more positive surface potential than at higher 
Figure 1: Effect of polyelectrolyte concentration on decay of surface potential,  
from Azonano. 
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pHs. When the pH changes to 7 and 8, >CO3
- becomes a dominant surface species and the 
concentration of HCO3
- in solution increases, resulting in a more negative surface potential.  
 
Figure 2: Dissolved and surface species in the calcite-water-air system,                             
from Van Cappellen [26]. 
Calcite has been shown to adsorb negatively charged organic molecules, due to the fact 
that it has positively charged surface sites [13, 14]. However, in this work, calcite demonstrated 
the ability to adsorb a copolymer with a positively charged backbone, which we explained by the 
overall negative surface potential, as confirmed by DLS. There is discrepancy in the reported 
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values of the zeta potential of calcite likely due to differences in whether the calcite mineral was 
dispersed in solution or precipitated; differences in solutions, such as ionic strength, ions present, 
and pCO2; experimental design and setup; and whether the solutions were in equilibrium or not. 
The negative surface charge of calcite in a solution in equilibrium with atmospheric CO2 has been 
explained by the more pronounced dissolution of calcium from the surface.  
When calcite is precipitated in excess Ca2+, the zeta potential is positive whereas when 
calcite is precipitated in excess CO3
2- the zeta potential is negative, which is consistent with the 
idea that more CO3
2- dissolves in the first, and more Ca2+ dissolves in the latter case [15]. 
Chibowski et. al. found that when equimolar Ca2+ and CO3
2- were combined, the precipitated 
calcium carbonate initially had a positive zeta potential, but the sign of the zeta potential became 
negative after 30 minutes [15]. The zeta potential indicates the surface charge of calcite so that 
electrostatic interactions can be used to graft oppositely charged polyelectrolytes to the surface.   
One point of agreement among studies is that dangling bonds from the surface calcium and 
carbonate molecules immediately after cleavage are satisfied by bonds with H+ and OH- ions from 
water molecules; there are two layers of water and the potential determining ions adsorb to these 
layers [11, 16-19]. The Stern layer of calcite is made up of hydrolyzed water molecules that sit at 
about 2.3Å and 3.4 Å above the calcite surface to which potential determining ions adsorb [11, 16, 
17]. In the calcite-water interface, Ca2+ and CO3
2- (and HCO3
-) are the potential-determining ions 
that adsorb to the hydrated surface of calcite; H+ and OH- ions are only relevant since they control 
the pH and speciation of the carbonate system [19, 20]. As pH increases, zeta potential typically 
decreases except if there is excess Ca2+ in solution[11, 20].  
In order for the particles to be effective they must be stabilized in solution. Ionic strength 
affects the stability of charged particles in solution because the ions in solution can screen the 
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charge of the particles causing them to aggregate. Chambers determined that as ionic strength 
increased, the fractal dimension of silver nanoparticles decreased meaning there was increased 
surface area for bacterial interaction, and the release of silver increased which made the NPs more 
toxic to E. coli [21]. By molecularly capping AgNPs with citrate and starch or protein, the effects 
of electrostatic stabilization and steric stabilization, respectively, were investigated at various ionic 
strengths[5]. It was found that electrostatically-stabilized NPs were less effective as ionic strength 
increased because they agglomerated; however the antibacterial properties of steric-stabilized 
particles were only slightly diminished [5]. 
The ionic strength of a solution can also tune bacterial capture. One study found that when 
a surface was coated with positively charged nanoparticles and polymer brushes that prevent 
bacterial adhesion, bacterial adhesion of net negatively charged bacteria onto the charged 
nanoparticles was possible at low ionic strength because the Debye length extended beyond the 
polymer brushes. At high ionic strengths, due to the screening of the attractive electrostatic 
interactions, there was a threshold for the amount of cationic patches necessary for bacterial 
capture indicating that at high ionic strengths, bacteria must interact with multiple particles in order 
to be captured[22]. Polyelectrolytes bonded to surfaces are a viable option for stabilizing particles 
both through steric and electrostatic means and for providing multiple charged sites on a surface 
for bacterial interaction. Dense surface coverage by surface-grafted polyelectrolytes results in a 
brush regime due to the steric and osmotic repulsions between macromolecule chains. Contrary to 
the previously mentioned study, it has been demonstrated that even at high ionic strengths bacterial 
capture by polycations is possible onto a net negatively charged surface with dense patches of 
polycations because the contact area between the bacteria and the surface is small so the effects of 
  
 
7 
local fluctuations in surface charge on the bacteria are more pronounced and there is an 
electrostatic attraction [23]. 
This work seeks to fabricate antibacterial microparticles, without the drawbacks of metal 
nanoparticles, by coating calcite, a naturally occurring carbonaceous mineral in aquatic systems, 
with polyelectrolytes using a multilayer approach. The multiple layers of macromolecules will 
provide a large hydrated envelope around each particle, which will stabilize the particles and 
prevent aggregation. Calcium carbonate particles have been coated with cationic polymer in the 
work of Han which demonstrated that the concentration of the cationic polymer can be tuned to 
control particle stability and dispersability [24]. Besides, the positive charges associated with the 
macromolecules will also cause an electrostatic repulsion between particles as well as cause an 
attraction with net negatively charged cell membranes, as described later.  
Calcite dissolves very slowly above a pH of about 5 and at partial pressures of CO2 greater 
than 10-1.5 atm [25-27]. The dissolution rate in 100mM KCl has been reported to be 10-9.4 moles 
cm-2 s-1 above pH 5 in a CO2-free environment at 25°C [26]; the presence of a 100% CO2 
atmosphere shows an increase in the dissolution rate to 10-9 moles cm-2 s-1 with no salt present 
[13]. Therefore, in the pH region of interest (6-8) at atmospheric partial pressures of CO2, calcite 
dissolution is already slow. Consistent with this, our studies show that Iceland spar calcite has a 
dissolution rate of 6*10-12 mol/cm2/s. Biogenic calcite systems such as coccoliths exhibit decreased 
dissolution in water unsaturated with respect to calcite due to organic components [28]. Organic 
coatings such as polyacrylic acid have been shown to slow the dissolution rate of calcite in acidic 
solutions[29].  
Polymer films also create an effective lubricating layer, which prevents the coating from 
being removed as particles shear past one another, i.e. enhancing wear resistance. Polymers 
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covalently bonded to the surface have been shown to be more effective at reducing friction between 
surfaces than polymers in solution[30]. High surface coverage of end-tethered polymers results in 
a brush conformation which creates a hydrated boundary film that greatly decreases friction in 
both symmetric and asymmetric systems when measured by lateral force microscopy[31]. 
Polyelectrolyte brushes have been shown to be more effective at decreasing friction than neutral 
polymer brushes[32]. The quality of the solvent also affects polymer conformation; in good 
solvents the molecules are highly solvated and the fluid layer greatly reduces friction [33-35]. 
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II. Overview of Surface Forces  
Surface forces are important when working with materials on the nanoscale. Surface forces 
are responsible for the stabilization of nano- and microparticles in solution, and for interactions 
between bacteria and material surfaces, and they include electrostatic interactions, van der Waals 
forces, double layer forces, hydration forces, and steric forces between surface-adsorbed polymers. 
Electrostatic interactions, hydrophobic interactions and van der Waals forces mainly dictate the 
adsorption of polymers on substrates.  
Electrostatic forces can be responsible for the adsorption of the polyelectrolytes onto the 
calcite and silica substrates. Electrostatic forces are the Coulombic attraction between positively 
and negatively charged entities. In this work, the first polymer layer is attached via electrostatic 
attraction because the substrate is negatively charged and the polymer backbone is positively 
charged.  
In symmetric systems, van der Waals forces are attractive forces that arise from three types 
of molecular interactions. The first type is dipole-induced dipole interactions. The second is the 
electrostatic interaction between two permanent dipoles. The third type of attractive interaction is 
dispersion forces which are long range (>10nm) attractive forces between instantaneous dipoles 
and induced dipoles. Dispersion forces are the dominant forces for non-polar molecules and are 
dominant over other types of van der Waals forces except for small polar molecules such as water. 
Van der Waals forces are typically weak compared to other forces, but they are still very important 
as they are responsible for adhesion, wetting, surface tension, physical adsorption, and solubility. 
In the system of interest, van der Waals interactions are too weak to retain physisorbed polymers 
onto microparticles in solution or overcome the repulsive forces between microparticles. 
An electrical double layer forms when a charged surface is immersed in an electrolyte 
solution; counterions approach to the surface to compensate the surface charge and they form a 
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double layer. Electrostatic double layer forces are of entropic (not electrostatic) origin because 
when two charged surfaces approach each other there is a decrease of configurational entropy for 
the excess ions trapped in the gap. Consequently, there is an osmotic pressure from the excess ions 
which creates repulsion. The concentration of ions in the double layer is higher than in the bulk, 
which results in a weak and long-ranged repulsion at low ionic strength. As the ionic strength is 
increased, the double layer thickness decreases and the onset of the double layer repulsion 
decreases; Figure 3 illustrates this phenomenon. In semi-log scale, the linear portion of the 
repulsion on the force versus distance curve is attributed to the double layer repulsion. Similarly, 
an electrostatic double layer interaction can be expected between the net negatively charged cell 
membrane of the target bacteria and positively charged surfaces, which will ensure particle-cell 
interactions and antimicrobial effects resulting from those interactions, as shown in this work.  
 
Figure 3: Force-distance isotherm for a polyelectrolyte (High MW polystyrene sulphonate) 
dissolved in NaNO3 solutions at 30°C, from Israelachvili [36]. 
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 The selected polymers for this work are strongly hydrated and they stretch to increase the 
interactions between the polymer chains and the water, and to decrease the osmotic pressure, at 
expenses of the elastic energy. If the polymer chains are end-tethered, the result is a brush-like 
configuration of the polymer at high enough grafting densities.  
Surface-adsorbed polymers lead to a steric repulsion, which is of entropic origin, between 
the approaching surfaces. As the polymer-coated surfaces approach each other and the polymers 
begin to overlap, the entropy of the polymers is decreased, and a repulsion results from the decrease 
in entropy, which is described as the change of the osmotic pressure (Figure 4). This effect is 
intensified for polyelectrolytes because the charges associated with the polymer molecules will 
result in electrostatic repulsions between neighbor polymer chains. Moreover, the increased charge 
density within the polyelectrolyte film leads to a stronger osmotic pressure and stronger repulsion 
between opposite surfaces.  
 
Figure 4: Repulsive force of entropic origin between opposing polyelectrolyte-coated 
surfaces. 
The multilayer approach of this work utilizes a) a first polymer layer, pollylamine-g-
perfluorophenylazide (PAAm-PFPA), which has a slight net positive charge and therefore adsorbs 
onto negatively charged surfaces, b) covalent bonding of negatively charged polyelectrolytes (2nd 
D
F(D)
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layer), here polyacrylic acid (PAA), to the 1st layer and c) subsequent electrostatic adsorption of a 
positively charged polyelectrolyte, here epsilon poly-L-lysine or PLL, to the negatively charged 
outer layer following a layer-by-layer approach (Figure 3). The polymer coating is not end-grafted 
and therefore it does not have a brushlike conformation but it still has the expected contribution to 
steric repulsion forces between polyelectrolyte coated substrates.  
We propose that polycations bind to the membranes of pathogenic bacteria, such as E. coli, via 
attractive (electrostatic) interactions and inactivate them. Our hypothesis is that electrostatic 
interactions can interrupt vital membrane processes and transport processes and effectively 
inactivate the bacteria rendering them harmless. However, this approach could also be to graft 
specific functional groups to the polyelectrolyte coating to selectively interact with specific 
bacteria. Polymer adsorption is characterized by quartz crystal microbalance (QCM) and TInAS 
on different substrates. Dynamic light scattering (DLS) gives insights into the surface charge of 
the bare particles. Atomic force microscopy (AFM) imaging is also used to characterize the 
homogeneity of the adsorbed polymer layers. Atomic force microscopy and lateral force 
microscopy are employed to measure normal forces between bacteria and the polyelectrolyte-
coated calcite and the shear forces on the polymer layer, respectively. Fluorescence microscopy 
will be utilized to determine bacterial viability after microparticle exposure. 
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Figure 5: Multilayer polyelectrolyte coating of calcite particle. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CaCO
3
 
--- PAAm-PFPA 
--- Cationic Polymer (ex. PLL) 
--- Anionic polymer (ex. Polyacrylic Acid) 
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III. Methods 
Polymer synthesis protocol 
 The polymers used to coat the calcite substrates include polyallylamine-
perfluorophenylazide (PAAm-PFPA; SuSoS Dubendorf), polyacryclic acid (PAA; MW 30kDa, 
from Polysciences, Inc.), and epsilon poly-L-lysine (ε-PLL; MW 3.6-4.3kDa, from Wilshire 
Technologies); the chemical structure of each of these polymers is shown in Figure 6. The PAAm-
PFPA was prepared according to the protocol in Serrano et. al.[1] Polyallylamine-hydrochloric 
acid (PAAm-HCl; MW 14kDa, from SuSoS Dubendorf) was combined with excess potassium 
carbonate in 1.3mL water (Milli-Q, 18.2MΩ, Millipore, USA) and boiled for a short period of time 
then cooled to room temperature. Perfluorophenylazide-N-hydroxysuccinimide (PFPA-NHS; MW 
332.2g/mol, from SuSoS Dubendorf) was dissolved in 2mL ethanol. The PFPA-NHS was slowly 
added to the PAAm-HCL and K2CO3 mixture and stirred overnight in the dark. Ten microliters of 
the concentrate was then analyzed by FTIR to confirm that the polymers grafted together to form 
PAAm-PFPA. Transmittance peaks at 2130 and 1650 confirm correct synthesis; the peak at 1650 
was shifted from 1690 which was shown in the reference[37] for another synthesis protocol and 
grafting ratio; the results are shown in Figure 7. The rest of the concentrate was diluted with 
96.4mL of 10mM HEPES (HEPES II, Sigma Aldrich, USA) with pH ~7.4 to achieve a final 
concentration of 0.1mg/mL. PAA solutions were prepared by adding PAA stock solution to 1mM 
HEPES (HEPES I, pH ~7.4) to achieve a concentration of 1mg/mL; the solution was sonicated 
overnight at 50ºC to maximize dissolution. Powdered ε-PLL was added to HEPES I (Sigma 
Aldrich, USA) with pH ~7.4 to achieve a concentration of 0.1mg/mL and sonicated for an hour at 
50ºC until all powder was well dissolved. For the bacterial adsorption experiments with the quartz 
crystal microbalance, the concentration of ε-PLL used was 1mg/mL. Polymethacrylic acid-g-
polyethylene glycol (PMAA-PEG; MW=10-20kDa, from ETH-Zurich) and poly-L-lysine-g-
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polyethylene glycol (PLL-PEG; MW, from SuSoS Dubendorf) were each added to HEPES I and 
sonicated for at least an hour until fully dissolved. 
 
 
Figure 7: FTIR spectra of PAAm-PFPA, important peaks are denoted by arrows at 1650 
and 2130 cm-1. 
Figure 6: Chemical structures of polymers used in multilayer coating; PAAm-PFPA (left), 
from Serrano [1]; PAA 30kDa  (middle), from Wikipedia; ε-PLL 3.6-4.3kDa (right), from 
Wikipedia. 
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Dynamic Light Scattering.  
Dynamic light scattering (DLS) measurements were conducted on a Zetasizer Nano 
(Malvern, UK) using a 0.02% by weight concentration of finely ground Iceland spar calcite. 
Solutions were filtered through 0.2um membrane filters prior to taking DLS measurements to 
remove any large crystals. Experiments were conducted both in water (Milli-Q) and water 
saturated with respect to calcium carbonate with varying concentrations of NaCl (5mM, 150mM, 
and 500mM). The saturated solutions were made with ground Iceland spar calcite. The effect of 
pH on zeta potential was also investigated in calcite solutions of water with 5mM NaCl at pH 6, 
7, and ~8; the pH of the solutions was adjusted with NaOH and HCl. Additionally, the zeta 
potential of Iceland spar calcite in 1mM HEPES was measured since this was the solvent used for 
adsorption experiments. 
 
Dissolution Experiment 
Calcite was cleaved using a hammer and razor blade, each piece was weighed and the 
dimensions were measured with calipers. Bare samples were weighed and set aside. Some samples 
were then coated by immersing the calcite in PAAm-PFPA solution for 30 minutes after which 
they were thoroughly rinsed with water and dried with N2. Half of the PAAm-PFPA-coated 
samples were subsequently immersed in 1mg/mL PAA for 14 hours (flipped over halfway through 
this time period), and then placed in HEPES I for 5 minutes three times to rinse off excess. Next 
the samples with PAA were exposed to UV light (λ=254nm) for 2 minutes on each side while a 
droplet of HEPES remained on the surface; these samples were then thoroughly rinsed in water 
and dried with N2. After adding the polymer coatings each of the samples was weighed. Each 
sample was placed in its own petri dish and immersed in water. The petri dishes were sealed to 
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prevent evaporation. Each week the samples were weighed and then immersed in fresh water in 
new petri dishes. The measurements were conducted over a period of 29 days. 
X-ray Photoelectron Spectroscopy Sample Preparation 
 Samples for x-ray photoelectron spectroscopy (XPS) were prepared in the same manner as 
samples for the dissolution experiment except that the immersion time of the samples in PAA was 
only 1 hour and there was no rinsing in HEPES I before the UV-crosslinking which occurred with 
a droplet of PAA solution on the surface. After the UV-crosslinking, the sample was rinsed with 
HEPES I. Experiments were conducted with an AXIS Ultra (Krasos Analytical, Manchester, UK). 
AFM Imaging 
AFM imaging (Asylum, MFP3D, USA) was conducted to determine the homogeneity of 
the polymer layers on calcite. Imaging in air resulted in poor images due to the sticky nature of the 
polyacrylic acid layer.  
Quartz Crystal Microbalance with Dissipation 
A quartz crystal microbalance with dissipation (QCM-D, Biolin Scientific, Linthicum 
Heights, MD) was utilized to measure the adsorbed mass of the hydrated polymer on the surface 
of commercially available silica sensors and calcium carbonate sensors; QTools (Biolin Scientific, 
Linthicum Heights, MD) was used to model the data when appropriate. Adsorption experiments 
were conducted in HEPES I (Sigma Aldrich, USA) or PBS (MP Biomedicals, St. Ana, California). 
Silica sensors were used as a model because they were more readily available and carry a negative 
charge just as the Iceland spar calcite does under the conditions of our experiments, as shown by 
dynamic light scattering. Polymers investigated include PMAA-PEG, PLL-PEG, PAAm-PFPA, 
PAA, and ε-PLL. The flow rate was 50μL/min with the exception of some of the PLL-PEG 
adsorption experiments which were conducted at 150uL/min. The adsorption of the first polymer 
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layer (PAAm-PFPA) was measured on both the commercially available calcium carbonate coated 
sensors as well as the silica coated sensors. PAA was then flowed through the system to add the 
second layer. The sensors were then removed and placed under a UV lamp (λ=254nm) for 2 
minutes to crosslink the PFPA and the PAA. For the experiments testing albumin adsorption and 
the effect of calcium chloride, the pH of the PAA was ~3.7; however, after observing calcite 
dissolution in AFM samples, the pH of the PAA was raised to ~7.4 with NaOH for the experiments 
testing pH stability and bacterial adsorption. The sensors were placed back in the flow cells and a 
PLL layer was adsorbed onto the PAA layer. 
Albumin adsorptions as well as the effects of CaCl2 and pH on the polyelectrolyte 
multilayer on the polyelectrolyte multilayer conformation and stability were studied in separate 
experiments. The albumin (Sigma Aldrich, USA) concentration for adsorption experiments was 
0.1mg/mL with a baseline in HEPES I. The effect of CaCl2 was studied with concentrations of 
1mM, 10mM, and 100mM CaCl2 (Sigma Aldrich, USA) in water with a baseline in HEPES I. The 
pH experiments were performed by establishing a baseline in water at pH ~5.4 and switching to 
water at pH 6,7, & 8; the baseline solution was run between each pH.  
Transmission Interferometric Adsorption Sensor 
Transmission interferometric adsorption sensor (TInAS) was used to determine the “dry 
thickness” of the adsorbed PAAm-PFPA and PAA layer. By subtracting the adlayer thickness 
obtained from TInAS from the thickness obtained by QCM, the amount of swelling caused by 
solvation of the polymer molecules can be determined. By combining these two techniques, the 
swelling and collapsing behavior of the adsorbed polymers can be monitored in solutions of 
varying ionic strength. Silica sensors were used as a model surface because of the reasons 
discussed previously. The flow rate used was ~50μL/min. The refractive index for the polymer 
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layer was set at n=1.54. The refractive index of the semi-infinite solution layer when adsorbing 
the PAAm-PFPA dissolved in a 3:2 ethanol-HEPES mixture was determined by linear 
interpolation from the values listed in Khattab, et. al.[38]. After the adsorption of PAAm-PFPA 
and PAA, the sensors were removed from the system to crosslink the PFPA and the PAA under a 
UV lamp. The thickness of the PAA adlayer was determined in buffer after the ex situ crosslinking. 
Several methods of PAA coating were investigated which included spin coating, placing a droplet 
on the sensor and letting it evaporate, and flowing PAA through the system before applying UV 
light to crosslink the PAA to the PFPA chains. 
Atomic Force Microscopy Sample Preparation 
Calcite samples for AFM and lateral force microscopy (LFM) were prepared so that 
measurements could be taken with the sample immersed in solution to prevent evaporation. Calcite 
was cleaved using a hammer and blade. The calcite was glued to a petri dish with a UV-cured glue 
(Norland Optical Adhesive 63, Norland Products, Inc., Cranbury, NJ) and left under a UV lamp 
overnight to cure. PAAm-PFPA adsorption was conducted after taking normal force measurements 
and friction measurements on the bare calcite. Samples were immersed in 0.1mg/mL PAAm-PFPA 
prepared according to Serrano et al. (2013) for 30 minutes and then rinsed thoroughly with 3:2 
ethanol-HEPES buffer and water and subsequently dried with N2. Normal and lateral force 
measurements were conducted on the sample with the PAAm-PFPA coating. Selected samples 
with PAAm-PFPA coatings were immersed in polyacrylic acid solution (1 mg/ml PAA in 1mM 
HEPES solution) during 60 minutes before AFM measurements, and placed under a UV lamp 
(λ=254nm) for 2 min with a droplet of PAA solution still on the surface; after UV crosslinking of 
the PFPA with the PAA the sample was rinsed with HEPES I, dried with N2. Samples coated only 
in PAA were prepared in a similar manner with the exception of the PAAm-PFPA adsorption. 
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When initially preparing samples, the PAA was at a pH below 4.5, so it caused dissolution pits in 
the surface of the calcite leaving them unusable; the pH of the PAA was raised to ~7.4 for 
subsequent preparations which resulted in smaller and significantly fewer pits. The samples tested 
include bare calcite, calcite with a layer of PAAm-PFPA, calcite with a layer of PAAm-PFPA and 
PAA, and calcite with a layer of PAA. Normal force measurements were also conducted on 
samples containing PAAm-PFPA, PAAm-PFPA -PAA, and PAAm-PFPA –PAA-PLL; however 
friction measurements were not possible due to strong interactions between the negatively charged 
colloidal probe and the positively charged PLL layer. 
Atomic Force Microscopy 
Normal force measurements and friction measurements were conducted with an atomic 
force microscope (MFP-3D, Asylum Research). Measurements were taken with a silica colloidal 
sphere probe against bare calcite or a polymer-functionalized calcite surface. Silica spheres 
(Ø=10µm, Microspheres-Nanospheres, New York, USA) were glued to tipless, gold cantilevers 
with normal spring constants 0.1-0.4N/m (NanoAndMore, CSC37/tipless/Cr-Au) with a UV-glue 
(Norland Optical Adhesive 63). The normal spring constants were found by thermally exciting the 
cantilevers in the AFM prior to gluing the spheres to the cantilevers. The lateral spring constant of 
the cantilevers was found by gluing a silica sphere (Ø=40µm, Microspheres-Nanospheres, New 
York, USA) to the same length cantilever on a different tip and moving the cantilever so that the 
sphere would hit the side of a glass slide [39]; the friction loop measurement was converted to an 
average friction force and its standard deviation. Prior to use the tips were UV-ozone treated for 
20 minutes. Measurements were conducted in 1mM HEPES. HEPES was chosen for the 
characterization studies since it would be later used in the biological studies and a consistent pH 
and ionic strength are desirable. The sensitivity was calibrated by making a force curve 
  
 
21 
measurement on bare calcite in HEPES. Normal force measurements indicate whether there is 
attraction or repulsion between the colloidal sphere and the bare or coated substrates as the probe 
approaches the surface. Normal force measurements were conducted at 1µm/s for comparisons 
between bare and PAAm-PFPA coated calcite and at 50nm/s for comparisons between bare, 
PAAm-PFPA-PAA-coated, and PAAm-PFPA-PAA-PLL-coated calcite. Pull-off forces during 
separation are indicative of adhesive forces between the probe and the surface. The onset of 
repulsion gives information about the height of the polymer layers and the effects of double layer 
forces. Lateral force measurements determine the lateral force on the colloidal sphere as it is slid 
across the surface with an applied normal load; these measurements determine the friction as the 
probe slides across the surface. Before friction measurements, the cantilever was slid across the 
substrate at a rate of 1um/s to remove any asperities on the sphere’s surface. To measure the friction 
between the silica sphere and the bare and coated calcite surfaces lateral force measurements were 
taken at a lateral speed of 1um/s with increasing load up to a maximum force of 100nN. 
Bacterial Culture for QCM 
E. coli, strain MG1655 (ATCC, USA), were grown to late log phase in 10 mL of LB broth 
(Miller composition) on a shaker table at 37°C and 225 rpm.  Then 5mL of this liquid culture was 
added to 100mL of LB broth and placed back on the shaker table for 2-3 hours to obtain 
exponential growth. The bacterial culture was pelleted at 10,000xg for 15 minutes (instrument) 
and resuspended in 150mM PBS. The bacterial suspension was pelleted again and resuspended in 
PBS twice more in order to wash the cells and obtain a final cell suspension in PBS. 
A spectrophotometer (UV-2550 UV-VIS spectrophotometer, Shimadzu) was used to create 
a curve relating the amount of cells to the optical density (measured at a wavelength of 600nm, 
called OD600) of bacterial suspension. The bacterial solution was diluted to obtain samples with 
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different optical densities. These samples were grown on LB agar plates at dilutions of 105, 106, 
and 107 in order to ascertain the number of colony forming units (cfu) in each sample. Solutions 
containing ~108cfu/mL were made for QCM measurements by measuring the OD600 of bacterial 
suspension in PBS and diluting accordingly. The solution used for QCM was also plated to confirm 
the concentration. 
Bacterial Preparation for AFM Experiments 
The bacteria for the AFM experiment were grown to late log phase and then 10mL of the 
culture was concentrated via centrifugation at 10,000xg for 15 minutes. The supernatant was 
removed and the cells were resuspended in 2mL of PBS. One milliliter of the 2mL suspension was 
added to 20mL of PBS and incubated at room temperature for 1 hour, shaken every 15 minutes. 
The sample was pelleted at 10,000xg for 15 minutes and added to 20mL of PBS before being 
centrifuged again with the same parameters. The pellet was then resuspended in 4mL of PBS. 
LIVE/DEAD stain (LIVE/DEAD BacLight Bacterial Viabilitiy Kit L-7007, Life Technologies, 
Thermo Fisher Scientific) was added to the bacterial cell suspension to promote visualization of 
cells and ascertain their viability under the fluorescence microscope; 3µL were added for every 
1mL of bacterial suspension. After adding the dye, the bacterial suspension was mixed thoroughly 
and incubated at room temperature in the dark for 15 minutes. 
Bacterial AFM Experiments 
Bacterial indentation experiments were conducted on a JPK AFM using colloidal sphere 
probes with a diameter of 10µm. Roughness was created on glass slides by immersing them in 
piranha solution twice for 30 minutes after which they were copiously rinsed with deionized (DI) 
water[40]. The slides were left to air dry until the experiment was conducted. 
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A 20µL droplet of bacterial suspension was placed on the glass slide and rinsed well with 
DI water and allowed to air dry. A droplet of PBS was placed on the sample for the duration of the 
indentation experiments. 
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IV. Results & Discussion 
DLS Measurements 
  
Figure 8: Zeta potential of Iceland spar calcite solutions at various ionic strengths. 
The effect of salt concentration on zeta potential was investigated in saturated and 
unsaturated CaCO3 solution; both the saturated and unsaturated solutions had a pH ~9.6. As 
expected, the zeta potential became less negative as the salt concentration increased (Figure 8). 
The zeta potential was less negative in calcium carbonate saturated solution due to the higher 
concentration of calcium ions in the Stern layer to counterbalance the surface charge. The zeta 
potential was also tested in HEPES buffer and found to be -8.34±4.56mV. The reported zeta 
potential measurements can be found in Table 1. 
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Table 1: Zeta Potential Measurements of Iceland spar Calcite solutions. 
Iceland spar calcite 
(wt. %) 
Solvent NaCl 
concentration 
(mM) 
pH Average zeta 
potential (mV) 
0.02 Unsaturated water 5 9.60 -38.60±4.33 
0.02 Unsaturated water 150 9.66 -13.13±0.29 
0.02 Unsaturated water  500 9.61 -4.99±1.53 
0.02 CaCO3 saturated water 5 9.60 -29.87±1.01 
0.02 CaCO3 saturated water 150 9.54 -12.83±2.32 
0.02 CaCO3 saturated water 500 9.57 -2.42±2.06 
0.02 Unsaturated water 5 6.10 -4.31±2.01 
0.02 Unsaturated water 5 7.00 -18.87±2.11 
0.02 Unsaturated water 5 7.70 -18.27±1.67 
0.02 1mM HEPES -- 7.55 -8.34±4.56 
 
Measurement of dissolution rates 
Table 2: Dissolution rates of bare and polyelectrolyte-coated Iceland spar calcite. 
Condition 
Dissolution rate 
(mol/cm²/s) 
Bare calcite -6.45348E-12 
 
Calcite-PAAm-PFPA     -4.41381E-12 
Calcite-PAAm-PFPA-PAA     -2.12637E-12 
 
Table 2 shows the measured dissolution rates of each sample. The PAAm-PFPA slows 
down dissolution by a factor of 1.5, whereas the dissolution is ~3 times slower with the additional 
PAA coating. The PAA had a pH of ~3.7 when it was adsorbed, which created pits in the calcite; 
however, the initial masses of the PAAm-PFPA-coated and PAAm-PFPA-PAA-coated calcite 
samples were measured after coating, so any loss of mass due to dissolution by polymer was not 
included in the change of mass over the course of the experiment. It is to note that these 
measurements do not enable to distinguish between dissolution and lost mass of polymer coatings, 
and therefore the dissolution rates with the polymer coatings can be overestimated.  
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QCM & TInAS Results – Polyelectrolyte Coating 
The lack of adsorption of PMAA-PEG, a copolymer with a negatively charged backbone 
and neutral side chains, onto sputtered CaCO3 QCM sensors is consistent with a negative surface 
charge, similar to Iceland spar calcite particles. Subsequently, the adsorption of positively charged 
polymers on sputtered CaCO3 QCM sensors was tested with a model system in which poly(L-
lysine)-g-polyethylene glycol (PLL-g-PEG), a brush copolymer with a positively charged 
backbone and neutral side chains, was adsorbed onto the CaCO3 sensors. This polymer was chosen 
because its adsorption on negatively charged surfaces and its effects on surface interactions have 
been well studied [41, 42].The frequency shift was associated with an adsorbed mass, that remains 
after rinsing with polymer-free solution and it was sufficiently large to suggest a strong 
electrostatic adsorption as opposed to a weak adsorption due to van der Waals interactions between 
both charged and neutral components of the polymer and the surface. The average thickness of the 
PLL-PEG layer adsorbed on the sputtered CaCO3 in water is 4.1±0.3nm. The increase and 
subsequent decrease in adlayer thickness during the rinse stage with water was only seen for one 
of the sensors. It is likely that this is due to an immediate swelling of agglomerated polymer on 
the surface followed by desorption of unbound polymer; the flow rate in this experiment was 
slower than in the other experiments presented in figure 9 and the polymer solution had not been 
filtered beforehand. The average thickness of the PLL-PEG layer adsorbed on sputtered calcite in 
PBS is 6.0±1.0nm. The greater thickness in PBS compared to that in water (Figure 10) is due to 
the screening of electrostatic repulsion between n molecules by the ions in PBS solution, which 
enhances surface-adsorption of the polymer. The PLL-PEG thickness on SiO2 sensors in PBS was 
4.35±0.2nm. The Voigt model was used to calculate PLL-PEG adlayer thicknesses. The adlayer 
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viscosity was held constant at 1.5mPas. The limits for the shear modulus were 102-2x104kPa and 
the limits for the adlayer thickness were 10-15-10-6m.  
 
Figure 9: Adlayer thickness of PLL-PEG on CaCO3 substrates in water and PBS obtained 
with the Voigt model.  
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Figure 10: Adlayer thickness of PLL-PEG on CaCO3 and SiO2 substrates in PBS obtained 
with the Voigt model. 
In order to create a surface-adsorbed polymer coating, polyallylamine-b-
perfluorophenolazide (PAAm-PFPA), a UV-activated polymer capable of covalently bonding 
other polymer molecules, was investigated in this project. According to Serrano et. al.[1], different 
segments of the positively charged pollylamine bond to the surface to create loops, tails, and trains 
on the surface. In their work, the dry thickness adsorbed on silica was measured to be 1.7±0.1nm 
by ellipsometry. The adsorption of this polymer was studied on both silica and CaCO3 QCM 
sensors as well as on silica TInAS sensors. Silica was used as a model negatively charged surface; 
besides, it is not possible to coat TInAS sensors with calcite. 
The average hydrated thickness of the PAAm-PFPA layer on the sputtered CaCO3 sensors 
measured by QCM was 1.49±0.05nm. The adlayer viscosity was held constant at 0.0025mPas in 
QTools to fit the data and the bulk fluid viscosity was set at 0.00186mPas. There were some 
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difficulties fitting the dissipation for both the 7th and 9th overtones concurrently for one of the three 
sensors used in the experiment; however, the model was capable of fitting the dissipation for each 
overtone on its own. The thickness on the SiO2 sensors was similar as indicated by the same 
changes in frequency as for the CaCO3 sensors.  
The optical thickness of the PAAm-PFPA layer on a silica substrate was 1.8±0.4nm when 
measured by TInAS. The TInAS sensor was removed from the apparatus after PAAm-PFPA 
adsorption and a PAA layer (MW=30kDa; 50mg/mL) was added by spincoating. The optical 
thickness of the PAAm-PFPA and PAA layers together was measured in air and found to be 
5.60nm and 29.5nm when the spin coating method was used to add the PAA, i.e. it had a high 
variability. The optical thickness of the PAAm-PFPA and PAA layers together was measured in 
air and found to be 137.8nm, when the droplet evaporation method was used to add the PAA, 
likely due to the large amount of polymer that was available to be UV-crosslinked. The thickness 
of the PAAm-PFPA and PAA layers together when the PAA was absorbed from solution under 
current flow was found to be 12.2±2.0nm in air, but 5.3±2.7nm when measured in HEPES solution; 
the disparity is due to differences in refractive index of the medium. The PAA in these experiments 
was dissolved in a solution at low pH <4. 
QCM experiments showed that PMAA-PEG, which has a negatively charged backbone, 
could be adsorbed onto PAAm-PFPA, which is likely to result from residual positive charges from 
the PAAm backbone; so the PAA layer is likely adsorbed by electrostatic interactions with the 
PAAm backbone, and van der Waals forces; the irreversible bonding with the PFPA is achieved 
by UV light-induced crosslinking.  
The droplet evaporation method resulted in a very thick layer, which could potentially have 
agglomerated during drying. The flow through adsorption method resulted in a PAA layer with 
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the smallest thickness. When using the spin coating method, the resulting PAA layer had an 
intermediate thickness that was not very reproducible, likely due to agglomerations of the long 
polymer chains. The droplet evaporation and the spin coating methods created a PAA layer with a 
slightly variable thickness each time which led to slightly different amounts of PLL adsorbed in 
subsequent steps due to the variation in available negative charge necessary for electrostatic 
interactions with the positively charged PLL. Due to multiple previous works demonstrating that 
the flow through adsorption method leads to a polymer layer with a reproducible thickness, the 
behavior of the PAA adsorbed via this method and the subsequently adsorbed PLL layer was 
investigated to determine the effect of divalent cations and pH as well as antifouling behavior and 
cell adsorption.  
The polyelectrolyte multilayer is likely structured in a way in which the PLL chains diffuse within 
the PAA layer, as well, which affects the overall structure of the adsorbed polymers. Figure 11 
shows that initially PLL-adsorption happens and the frequency achieves a minimum, but following 
adsorption is combined with a rearrangement of chains, trying to maximize the electrostatic 
interactions with the PAA layer. This leads to a collapse, i.e. a loss of water, and the frequency 
becomes less negative. Similar results are shown in figure 12 for another system. There are 
discrepancies between the systems, but the trends are similar. For example, for sensor 2, the PLL 
thickness achieves a maximum of 5.2 nm during adsorption, and a value of 3.6 nm after the 
collapse.  
(Anti)-fouling behavior – Albumin adsorption 
In order to test whether the polymer coating would interact with organic matter or could 
result in fouling if incorporated into applications such as membrane filtration, QCM and TInAS 
experiments were conducted to see if bovine serum albumin (BSA) would adsorb to the 
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polyelectrolyte-coated substrate. Albumin is a water-soluble protein molecule that is designed to 
transport steroids, fatty acids, and hormones in the blood[43]. As shown in figure 11, there was a 
rapid albumin adsorption on the polyelectrolyte-coated silica substrate followed by desorption 
when rinsing with buffer solution. For the albumin adsorption experiment, the dissipation values 
in the QCM measurements were negative which is caused by albumin entering into the polymer 
layer, which was included in the baseline. Negative dissipation values prevented from using the 
Voigt model.  As the most part of the albumin was desorbed during the rinsing step, albumin 
adsorption onto the polyelectrolyte multilayer may in fact be dominated by van der Waals 
interactions rather than electrostatic double layer interactions. TInAS results confirmed desorption 
of albumin. 
 
Figure 11: Change in frequency and dissipation during adsorption of PLL on SiO2-PAAm-
PFPA-PAA-coated sensors, and subsequent adsorption of albumin in HEPES solution. 
Effect of Divalent Cations 
The combined effect of ionic strength and the presence of divalent cations were 
investigated using QCM and TInAS. Figure 12 shows that in 1mM CaCl2there is no significant 
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effect on the adlayer thickness and the small shift in frequency is likely due to the difference in 
density from the HEPES buffer. When the CaCl2 concentration is ≥10mM, there are strong 
electrostatic interactions between the polyelectrolyte and the divalent cations; calcium is 
expected to crosslink the polymer chains, which may lead to a restructuring of the 
polyelectrolyte multilayer and an overall collapse which is why the final thickness is smaller than 
the original thickness as can be seen in Figure 12. To confirm that the smaller hydrated thickness 
was due to a collapse and not desorption of polymer, this experiment was conducted in TInAS, 
as it is only sensitive to the dry mass of the polymer. In 100mM CaCl2 the collapse can be seen; 
however, when HEPES is subsequently run through the system, the optical thickness returns to 
the baseline indicating there was no loss of polymer (Figure 13); the change in refractive index 
of the polyelectrolyte multilayer when it collapses explains the changes in the adlayer thickness.  
Therefore, the smaller hydrated mass obtained from QCM in HEPES is likely due to a loss of 
solvent associated with the polymer chains, i.e. to a collapse. For the divalent cation experiment, 
the Sauerbrey equation was used to model the data because dissipation values were negative; 
since the dissipation was up to 5x10-6, the results are only an approximation. The spikes caused 
in the measurement are due to the density changes when switching solutions. 
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Figure 12: Adlayer thickness of the PLL-coating upon adsorption on SiO2-PAAm-PFPA-
PAA-coated sensors and changes of the adlayer thickness at varying CaCl2 concentration. 
Calculations were performed with the Sauerbrey equation for four different substrates. 
 
Figure 13: Changes of the adlayer thickness of PAAm-PFPA-PAA-PLL at varying CaCl2 
concentration measured by TInAS. 
  
 
34 
pH stability of the polymer coating 
The stability of the polymer coating in the pH range 6-8 was investigated in water. The pH 
was adjusted to ~6, 7, and 8 using HCl and NaOH; the concentration of added salt was smaller 
than <0.1mM. As PAA and PLL are weak electrolytes, a change of the ionization degree is 
expected in the selected pH-range. As the pH increases the PAA (pKa=4.5) becomes more 
dissociated, but the PLL (pKa=9) becomes less dissociated.  
The adlayer thickness of the PAA layer was ~5.5x smaller than in previous experiments as the 
PAA was more dissociated at pH 7.4 during adsorption leading to more repulsions between 
polymer chains preventing them from adsorbing onto the surface Note that in the albumin and 
CaCl2 experiments there had been a thicker PAA adlayer since the polymer was mostly 
undissociated at pH ~4 and adsorption was dominated by van der Waals interactions.  
The 9th overtone is shown in in Figure 14 for three separate experiments. The third sensor 
had negative dissipation values, likely caused by PLL adsorption entering the PAA layer leading 
to a stiffer; however, the trends are the same as for the other two samples. The baseline of the 
PAAm_PFPA-PAA-PLL coating was obtained in water with a pH ~5.4. At pH 6, there was no 
noticeable change of frequency and dissipation; however, at pH 7 and 8 an initial collapse when 
switching from the baseline was observed, confirming changes in the dissociation of the 
polyelectrolytes, but as the pH of the solutions decreased over time the polymers swelled 
suggesting that the dissociation of the uppermost polymer layer, PLL, dominates the overall 
behavior. As the pH increases, the PLL is less dissociated and consequently less charged, the 
decrease of charge density in the layer causes a decrease in osmotic pressure resulting in a collapse. 
As the pH of the pH 7 and pH 8 solutions fell over time, the PLL became more dissociated resulting 
in swelling after the initial collapse. The overall decrease in frequency could be explained by a 
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change of the architecture of the polyelectrolyte multilayer (overall swelling) that is irreversible 
within the time scale of this experiment. However, there was no desorption of the polymer coating 
at each of these pHs (6-8) indicating that the polymer coating is stable in the pH range of most 
natural waters.  
 
Figure 14: QCM-D measurement of effect of pH changes on polyelectrolyte multilayer on 
SiO2-PAAm-PFPA-PAA-PLL-coated sensors. 
XPS analysis 
 XPS was employed to confirm presence of the polyelectrolytes on Iceland spar calcite 
samples (Figures 15-19). The presence of nitrogen on PAAm-PFPA-coated calcite confirmed that 
PAAm-PFPA was present as the nitrogen is associated with the amine groups in the polymer 
backbone. Samples with PAA (pH ~3.7) and PAA (pH ~7.4) crosslinked to the PAAm-PFPA also 
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showed nitrogen indicating that the PAAm-PFPA was on those samples. A new peak associated 
with a C-bond, which was not present on the PAAm-PFPA-coated samples, appeared on the 
samples with PAA. PAA has a characteristic peak at 289.3 due to the carboxylic group. This peak 
at 289.3 overlaps with a peak present with the bare calcite; however, this peak was greatly 
intensified on the sample with PAA (pH ~7.4) compared to the bare calcite sample indicating that 
PAA was likely on the surface. Consequently, the method used to fabricate samples for AFM 
measurements involved crosslinking PAA in a solution at pH ~7.4 to PAAm-PFPA-coated calcite 
lead to successful samples. The PAAm-PFPA-PAA-PLL-coated calcite sample, which was 
prepared with the PAA at lower pH (~3.7), showed the additional peak at 288 as well as an increase 
in the nitrogen peak; the increase in the atomic percentage of nitrogen is attributed to the additional 
nitrogen provided by the amino group in the PLL. However, the presence of PAA could not be 
clearly confirmed for these samples.  
 
Figure 15: XPS Data for bare calcite sample. 
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Figure 16: XPS data for PAAm-PFPA-coated calcite. 
 
Figure 17: XPS data for PAAm-PFPA-PAA-coated calcite, PAA pH ~3.7 during coating. 
0
10
20
30
40
50
60
399.565 401.844 285 286.235 289.45
A
to
m
ic
 %
Position
N from PAAm-PFPA
C-bond
0
10
20
30
40
50
60
399.6133 402.3274 285.0003 286.2751 288.5029 289.6258
A
to
m
ic
 %
Position
N from PAAm-PFPA C-bond New C-bond
  
 
38 
 
Figure 18: XPS data for PAAm-PFPA-PAA-coated calcite, PAA pH ~7.4 during coating. 
 
Figure 19: XPS data for PAAm-PFPA-PAA-PLL-coated calcite. 
AFM Normal Force Results 
AFM experiments were conducted after an equilibration time of at least 30 minutes with 
sample and cantilever immersed in 1mM HEPES.  At 1mM the silica sphere and bare calcite are 
both, negatively charged. In the experiments comparing bare calcite to PAAm-PFPA-coated 
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calcite, there was a 2-3nm repulsion seen for the PAAm-PFPA-coated sample when compared to 
the bare calcite (Figure 20). No double layer repulsion was seen for these samples in 1mM 
HEPES possibly due to ions from the dissolution of calcite from both samples as the PAAm-
PFPA coating may not have covered the entire surface. In pure 1mM HEPES, the Debye length 
is equal to 10nm which would correlate to an electrostatic double layer force with a shallower 
slope than that measured.  
 
Figure 20: Force-separation isotherms during approach on bare and PAAm-PFPA-coated 
calcite measured by AFM. 
The pull-off force in the presence of PAAm-PFPA as the uppermost layer (Figure 21) can 
be explained by the electrostatic attraction between the colloidal sphere and the polymer, which 
has residual positive charge of the polymer (see QCM discussion); the pull-off force is present for 
~20nm which is most likely caused by many points of contact with the colloidal sphere which is 
rough.  
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Figure 21: Force-separation isotherms during separation on bare and PAAm-PFPA-coated 
calcite measured by AFM. 
 The PAAm-PFPA-PAA-coated calcite shows at most 1.5 nm repulsion when compared to 
the bare calcite (Figure 22). The sample was prepared the same day as the experiment and dried 
before immersion in 1mM HEPES about an hour and a half before taking measurements. Drying 
the sample could have resulted in aggregation and collapse of the polyelectrolyte layer. This could 
explain why the normal force measurements on the PAAm-PFPA-PAA-coated samples were 
similar to those on bare calcite. 
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Figure 22: Force-separation isotherms during approach on bare and PAAm-PFPA-PAA-
coated calcite measured by AFM. 
The PLL coating was added to the PAAm-PFPA-PAA-coated calcite that had been dried 
and previously used for normal and friction measurements. When comparing the normal force 
measurements on bare calcite and PAAm-PFPA-PAA-PLL-coated calcite, there is a 2nm linear 
repulsion in logarithmic scale for the bare sample which can be associated with a double layer 
repulsion; in this measurement it is possible that the concentration of dissolved ions was high 
enough to mitigate the typical double layer repulsion, but not get rid of it altogether (Figure 23). 
There is a 4-6nm repulsion for the polyelectrolyte-coated sample which, though linear, correlates 
to a steric repulsion; in 1mM HEPES, the repulsion would have needed to be 53nm to be attributed 
to a double layer repulsion. This short steric repulsion is likely just from the PLL film as the rest 
of the coating could have agglomerated and collapsed as mentioned before. Though some ions 
  
 
42 
may have dissolved if the surface had incomplete coverage, it is likely that this is a steric repulsion 
as the polyelectrolyte coating slows down dissolution. 
 
Figure 23: Force-separation isotherms during approach on bare and PAAm-PFPA-PAA-
PLL-coated calcite measured by AFM. 
AFM friction results 
Lateral force microscopy measurements have shown that by adding the thin PAAm-
PFPA to the surface of calcite there is only a very slight change in the coefficient of friction 
compared to that obtained on bare calcite; the friction force measured on the PAAm-PFPA-
coated calcite are equal to or slightly higher than the friction values obtained on bare calcite, 
likely due to the interaction of the silica colloidal sphere with residual positive charges from the 
PAAm backbone (Figure 24). There is not a significant change in friction on the PAAm-PFPA-
PAA-coated samples compared to bare calcite (Figure 25). The coefficients of friction can be 
found in Table 3 and Table 4. Discrepancies in the coefficient of friction for bare calcite are 
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minor and can be caused by differences in signal to the photodetector of the AFM since the 
positioning of the tip is not the same each time. Typically hydrated brush-like polymers provide 
lubrication resulting in a decrease in friction (add references); however, the polymers added with 
this multilayer approach are likely laying much closer to the surface and providing a layer only a 
few nanometers thick rather than brushes extending away from the surface. Such a polymer 
conformation would result in less solvent associated with the polymer chains, so there is no 
lubrication effect. The results also demonstrate that the polymer coating is resistant to wear upon 
shear.  
 
Figure 24: Friction force as a function of the applied normal load for bare and PAAm-
PFPA-coated calcite measured by LFM. 
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Table 3: Coefficients of friction for bare and PAAm-PFPA-coated calcite. 
Sample Name 
Coefficient 
of friction 
Cal_Bare_A 0.2158 
Cal_Bare_B 0.1956 
Cal_PFPA_A 0.2202 
Cal_PFPA_B 0.215 
Cal_PFPA_C 0.2143 
 
 
Figure 25: Friction force as a function of the applied normal load for bare and PAAm-
PFPA-PAA-coated calcite measured by LFM. 
Table 4: Coefficients of friction for bare and PAAm-PFPA-coated calcite. 
Sample Name 
Coefficient 
of friction 
Cal_Bare_A 0.3044 
Cal_Bare_B_ 0.3052 
Cal_Bare_C_ 0.3053 
Cal_PFPAPAA_A_ 0.2821 
Cal_PFPAPAA_B_ 0.2507 
Cal_PFPAPAA_C_ 0.2397 
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Bacterial Adsorption 
 Bacterial adsorption was measured on bare SiO2-coated QCM sensors as well as SiO2-
PAAm-PFPA-PAA-PLL-coated QCM sensors (Figure 26 & Figure 27). Spikes in the experiment 
with the SiO2-coated sensor were caused by using tubing with the wrong inner diameter. No 
significant desorption occurred during the rinsing process. There was bacterial adsorption in both 
types of experiments; however, adsorption occurred ~9x more slowly on the polymer-coated 
sensor. The slower adsorption could be explained by hydration repulsion between the hydrated 
polyelectrolytes and the bacteria. 
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Figure 26: QCM-D measurement of E. coli adsorption on a SiO2-coated sensor. 
 
Figure 27: QCM-D measurement of E. coli adsorption on a SiO2-PAAm-PFPA-PAA-PLL-
coated sensor. 
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Bacterial AFM Measurements 
 The bacterial AFM measurements were unsuccessful in determining surface forces 
between bare and polyelectrolyte-coated colloidal spheres and E. coli. Due to the fact that the 
sphere is so much larger than the bacteria (Figure 28), the sphere also interacted with the 
surrounding substrate which created a substrate effect that could not be eliminated. In order to 
prevent this substrate effect in the future, a colloidal probe made up of a bacterial colony should 
be used to probe the polyelectrolyte-coated substrate as this method has been proven effective in 
other work [44]. 
 
Figure 28: Microscope view of colloidal probe and E. coli. 
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V. Conclusions & Outlook 
The zeta potential of Iceland spar calcite was found to be negative in this work. As a result, 
silica was used as a model substrate for experiments where using a calcite substrate was not 
feasible owing to limitations of the experimental techniques. The silica substrate was also shown 
to be suitable, which demonstrates the feasibility of the developed approach to different substrates. 
Additionally, the first layer of the multilayer polyelectrolyte coating had a positively charged 
backbone and pendant azide chains to electrostatically and covalently bond, respectively, the next 
polyelectrolyte layer. The multilayer approach in this work was conducted in 1mM HEPES which 
is of low ionic strength and resulted in very thin layers. In future work, the ionic strength should 
be increased to screen repulsions between polyelectrolytes so that more of them can adsorb to the 
surface resulting in a thicker and fuller surface coverage. The approach allows to increasing the 
number of polyelectrolyte layers to achieve a thicker polymer coating which is required to stabilize 
larger particles in solutions.  
The thin polyelectrolyte multilayer proved to slow dissolution of calcite by a factor of 3. 
Therefore, the dissolution of the microparticles can be tuned by adjusting the surface coverage so 
that dissolution can occur faster or slower depending on the application. However, ultimately these 
particles will dissolve and end up in a mineral deposit making them in a sense biodegradable. 
The coating proved to be stable in the pH range of 6-8, which is the pH range of many natural 
waters. However, there is a collapse of the polyelectrolyte multilayer in the presence of divalent 
cations at a concentration of 100mM, so they would not be suitable in hard water applications or 
in seawater. The weak adsorption of albumin shows that polyelectrolyte-coated calcite particles 
should not have strong interactions with proteins found in natural organic matter, so if they were 
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used in a membrane or filtration application such as for drinking water, there would not be a 
problem with fouling. 
Lastly, there is a slow adsorption of bacteria on polyelectrolyte-coated substrates not reversed 
by rinsing, so bacterial capture by these materials is possible even though capture of organic 
proteins such as albumin is not. The antibacterial action of these materials could not be evaluated 
due to substrate effects in AFM experiments created by the interaction of the sphere with the 
substrate as well as the bacteria since the contact area is larger than the bacteria. In the future, 
employing a cell probe to investigate interactions between the cells and the polyelectrolyte-coated 
substrates is recommended. 
 In order to test the antibacterial efficacy of polyelectrolyte-coated calcite, ground Iceland 
spar calcite particles could be coated with the polyelectrolyte multilayer and placed in a packed 
bed column. Influent containing stained E. coli would be introduced to the column and the effluent 
would be tested for the presence of living organisms. At the conclusion of the experiment, the 
particles could also be removed and examined under the fluorescence microscope. 
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